Purpose The number of antigen-presenting cells decreases during organ culture of corneoscleral discs. This might result in a decrease of immune reactions with increasing duration of organ culture. To investigate this hypothesis, we performed a retrospective analysis of all penetrating keratoplasties that were consecutively performed over the last 5 years. Patients and methods All cases of penetrating keratoplasties (n = 1006) were divided into two groups, with the division made at the median of the storage time (21 days). These two groups were compared by a Cox proportional hazards survival model regarding the incidence of endothelial immune reactions, clear graft survival, and chronic endothelial cell loss following penetrating keratoplasty considering patient's age, donor's age, and risk situation as co-variates. Results We observed statistically significantly fewer endothelial immune reactions (20.1% (95% confidence interval 15.5-24.5%) after 2 years) in the group with a storage time of more than 21 days compared with the group with a storage time of o21 days (26.5% (95% confidence interval 21.6-31.2%) after 2 years). However, the duration of organ culture did not have a statistically significant effect on clear graft survival or chronic endothelial cell loss. Conclusion Our results demonstrate that an increased duration of organ culture leads to a lower incidence of endothelial immune reactions following penetrating keratoplasty. However, we do not recommend increased storage times in general as overall graft survival did not improve. The reason for this apparent paradox may be that the endothelial cell count decreases during storage time.
Introduction
Good long-term prognosis of penetrating corneal grafts has been attributed to the immunological privilege of the cornea and the anterior chamber. 1 However, corneal graft rejection remains the most important reason for graft failure. 2 Despite intense research, exact mechanisms leading to graft rejection are not yet fully understood. Besides the immunosuppressive climate in the anterior chamber, the mechanisms of antigen presentation inside and outside the cornea may have an important role in the development of endothelial immune reactions. In the cornea and on the ocular surface, dendritic cells (DCs), including Langerhans cells (LCs), and macrophages, are responsible for antigen presentation. [3] [4] [5] [6] [7] By immunostaining, different populations of APCs could be identified in the corneal epithelium as well as in the corneal stroma and not all of these cell types are HLA-DR positive. 5 They serve as antigen-presenting cells (APC), recognising and destroying foreign tissue, cells, or molecules. These APCs have the capacity to determine the outcome of immunity or tolerance within the anterior ocular segment. 8 It has been shown that the number of LCs and DCs slowly decreases during organ culture, [9] [10] [11] [12] [13] although it seems that they do not vanish completely. Mayer et al 13 found that human corneas harbour different populations of LCs and DCs in a distribution pattern similar to that in the skin. In their kinetic study of DCs in organ culture, they found a significant decrease of APCs within the first 3 weeks of organ culture. Epithelial APCs showed an almost linear slow decrease with a small proportion of HLA-DR-positive cells remaining there for up to 200 days, whereas stromal APCs showed the fastest decrease during the first 7 days of organ culture slowing down for the rest of storage. They concluded that these corneas may be less immunogenic after a certain period of storage. This was in agreement with clinical observations by Simon et al, 14 where an increased graft survival was reported when corneas were cultured for 47 days.
As corneoscleral discs can now be stored for up to 36 days in organ culture, we wanted to investigate by a retrospective analysis whether the increased storage time (and the corresponding kinetics of APC reduction during organ culture) may further reduce the risk for immune reaction.
Subjects and methods

Patients
We included all cases of penetrating keratoplasty performed at our institution between 2004 and 2008 (n = 1006). We grouped these patients into those below (n = 506) and above (n = 501) the median of organ culture (rounded up to 21 days). Detailed data from the two study groups are given in Table 1 . To further analyse the effect of the kinetic decrease of corneal APCs during organ culture we divided the patients into three groups (o14 days, 14-21 days, 421 days of organ culture). The study was approved by the local ethics committee and all patients gave their informed consent that their clinical data may be used for scientific analyses.
Penetrating keratoplasty, postoperative therapy, follow-up
All keratoplasties were performed with mechanical trephines. To fix the grafts, we used double running crossstitch sutures 15 with Nylon 10.0. Gentamycin ointment was administered following surgery at least until the graft was covered by a complete epithelial layer. Then, prednisolone-21-acetate 1% eye drops were given five times daily and tapered during the first 5 postoperative months. Systemic corticosteroids were administered for only 3 weeks postoperatively. Oral acetazolamide was prescribed at a daily dose of 2 × 250 mg for 5 days postoperatively. Follow-up examinations of the graft were scheduled 6 weeks, and 4, 12, and 18 months postoperatively, and thereafter once a year.
High-risk cases were defined by an increased risk for immune reactions, as described elsewhere. 16 
Grafts
Grafts were preserved in organ culture according to the guidelines of the European Eye Bank Association. After in situ corneoscleral excision the corneoscleral discs were stored in DMEM-based organ culture media containing 2% of newborn calf serum at 34°C. Every 7 days the medium was renewed. Before transplantation the grafts were stored for 1-4 days in the same culture medium that additionally contained 5% of high molecular dextrane to deswell the corneas for surgery. After 7 days and before transplantation the grafts were put into hypotonic buffered saline solution for endothelial cell analysis using a phase contrast microscope. More information on donor and graft properties like post-mortem times and donor age are given in Table 1 .
Immune reactions
Endothelial immune reactions were diagnosed clinically via endothelial immune precipitates with accompanying stromal oedema at the slit lamp.
Statistics
For statistical analysis, all computations were performed using the R-Software system. 17 We performed a Cox 
Results
We observed more immune reactions in the group of patients who received grafts with a storage time of r21 days ( Figure 1 ) and this was confirmed in the Cox regression model (P = 0.03). Table 1 ). However, the storage time did not have a significant effect on the overall clear graft survival or on the relative annual endothelial cell loss following penetrating keratoplasty (figure 2, Cox regression analysis for clear graft survival P = 0.78, Kruskal-Wallis test for the relative annual endothelial cell loss P = 0.89).
To find out whether the specific kinetics of the APC decrease during organ culture may have an influence on the rate of immune reactions we divided the patients into three groups: patients who received grafts that have been stored for o14 days or 14-21 days or 421 days. Comparing the three groups Kaplan-Meier survival analysis revealed that the group with grafts stored o14 days had the highest risk for an immune reaction compared with the other two groups (Figure 3) .
Various other parameters (eg, age of the recipients at time of surgery, percentage of high-risk keratoplasties, percentage of HLA-matched grafts) that might influence the occurrence of immune reactions were comparable in both study groups without any statistically significant difference (Table 1 ).
Discussion
Cold storage or short-term storage that is used, for example, in US eye banks to preserve corneal grafts allows a maximum storage time of 14 days at 4°C. Using organ culture as it is practiced by most European eye banks, corneal grafts are kept in cell culture media at 34-37°C for up to 36 days. However, it has been shown that increasing storage times in both preservation systems lead to reduced endothelial cell counts. 18 Therefore, in most eye banks, a shorter storage time is preferred.
For organ culture, the minimum storage time is typically 10-14 days due to quarantine requirements. On the other hand, it has been found that during organ culture the number of APCs in the corneoscleral discs slowly decreases. 9-13 Pels et al 9 and Ardjomand et al 10,11 looked only for HLA-DR positivity in their analyses and found a complete vanishing (Pels et al 9 ) or a significant reduction (Ardjomand et al 10, 11 ) of HLA-DR-positive DCs within 7 days of organ culture, which was independent of the storage media. More recently Al-Fakih et al 12 also looked for HLA-DR-positive cells in corneoscleral discs and found that the decrease of these cells was faster when corneas were stored in organ culture compared with hypothermic storage. They also reported on an almost complete loss of HLA-DR-positive cells in the corneal epithelium within 14 days of organ culture, which took a Figure 1 Kaplan-Meier survival analysis regarding the occurrence of immune reactions. Patients who received a graft that was 421 days in organ culture showed statistically significantly fewer immune reactions compared to patients with grafts of r21 days of organ culture (Cox regression analysis P = 0.03). After 2 years estimates from Kaplan-Meier survival analysis were 26.5 (95% confidence interval 21.6-31.2)% of grafts with an endothelial immune reaction in Group 1 (storage time o21 days), compared with 20.1 (95% confidence interval 15.5-24.5)% in Group 2 (storage time 421 days). After 3 years the respective estimates from Kaplan-Meier survival analysis were 32.6 (95% confidence interval 25.9-38.6)% for Group 1 and 25.9 (95% confidence interval 18.9-32.3)% for Group 2 (see Table 1 ).
little longer in the corneal stroma. As HLA-DR obviously is not the only marker to detect APCs 5 it cannot be concluded from these reports that all corneal APCs finally disappear. Therefore, Mayer et al 13 performed a moredifferentiated analysis where they found a significant number of HLA-DR-positive LCs (Langerin+/CD1a+/ HLA-DR+) in the limbal and peripheral regions of corneal epithelium and the anterior stroma but also a significant number of HLA-DR-negative DCs (DCSIGN+/CD45+) mainly peripherally and in the anterior stroma but not in the epithelium. They also found mature DCLAMP+ and HLA-DR+ cells mainly in the stroma. Furthermore, they found two other populations of APCs (CD45+/CD11c − / HLA-DR-/DCLAMP-/Langerin-/CD1a-/DCSIGN-in the epithelium and CD45+/CD11c − /HLA-DR+/ Langerin-/CD1a-/DCSIGN-in the stroma). During longterm organ culture they found a slow almost linear loss of Langerin+, CD1a+ and DCLAMP+ cells in the corneal epithelium, whereas a significant portion of HLA-DR+ cells survived for up to 200 days of organ culture. In the stroma the highest decrease of DCSIGN+, DCLAMP+ and HLA-DR+ cells was observed within the first 7 days of organ culture, whereas the respective cell number decreased much slower in the following long-term storage.
In an animal model of corneal transplantation, it has been shown that selective depletion of APCs in murine corneas leads to increased graft survival. [19] [20] [21] Furthermore, it has been found that the reduction of APCs during corneal storage may lead to a decreased risk of immune reactions and even to increased clear graft survival rates. 14 In our retrospective analysis, we found that even longer storage times of 421 days of organ culture led to a statistically significant decreased risk of immune reactions. From the in vitro results of the kinetics regarding the stromal APC decrease with the fastest depletion of stromal APCs during the first 7 days of organ culture 13 and our observation that the highest rate of rejections was in the group of grafts with storage times below 14 days compared with longer storage periods (see Figure 3 ) it might be concluded that stromal and not only epithelial DCs have an important role in corneal allograft rejection.
Simon et al 14 reported in their retrospective clinical study that a storage time of 7 days or more has been observed to be associated with a beneficial effect on allograft survival. They also found that the rate of allograft rejection was significantly lower for patients receiving donor corneas after prolonged storage (47 days). However, this was only statistically significant for high-risk (not for normal risk) patients. In their study, the number of graft rejections in the low-risk group, which comprised only 135 patients was probably underpowered, resulting in a non-significant effect.
However, it is not clear whether the reduction of APCs is the correct explanation for the graft-protecting effect of prolonged organ culture. Nevertheless, direct and indirect allosensitization seem to have an important role in corneal allograft rejection. [4] [5] [6] 22 Even small numbers of these cells found in the mouse cornea were able to induce corneal allosensitization. 23 Furthermore, it has been shown that donor-derived corneal APCs can be found in the draining lymph node and the spleen of the recipient within only a few hours following corneal transplantation. 6 Rejection episodes following renal transplantations, for example, were reduced after inactivation of donor-derived hematopoietic cells, leading to an increased allograft survival time. 24 Reduction of APCs in the cornea may be easily achieved by prolonged organ culture as compared with renal grafts, where the kidneys need to be perfused with anti-CD45 antibodies.
Besides the number of APCs, the endothelial cell density also decreases over time during organ culture. This difference in endothelial cell density can be found in the recipients for at least 1 year following penetrating keratoplasty. 25 Therefore, a shorter storage time might be correlated with longer clear graft survival if the patient does not experience an endothelial immune reaction. Therefore, in normal risk situations, shorter storage times should be preferred.
Besides the decrease of APCs and the decrease of endothelial cells in the graft during organ culture, various other factors, like the clinical risk profile of the patients, HLA-matching, postoperative immunosuppression, or the compliance of the patients, need to be considered regarding the individual rejection risk and clear graft survival. Therefore, the optimum storage time with respect to the patient's overall graft prognosis needs to be defined by the eye bank and the surgeon.
Summary
What was known before K Endothelial immune reactions are the major cause of graft failure following penetrating keratoplasty.
K During organ culture the number of APCs in corneoscleral discs is decreasing over time.
What this study adds K As the number of APCs in corneal grafts is decreasing during organ culture storage the risk of endothelial immune reactions can be lowered by increasing the storage time.
